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mechanosensitive ion channels found in them. Furthermore, our study supports a prior hypothesis that strain can cause fluid
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doi: 10.1016/j.bpj.2011.03.046Mammalian ventricular myocytes exhibit a transverse
tubular system (t-system), which consists of membrane
invaginations (1). Geometry and morphology of the
t-system were found to be dependent on species and cell
type (2). The t-system is an important site for excitation-
contraction coupling and essential for rapid electrical
signaling from the outer sarcolemma into the cell interior.
Recent interest in the t-system has been renewed by studies
demonstrating that transverse tubules (t-tubules) are less
dense and their arrangement is disorganized in diseased
ventricular cardiomyocytes (3,4).
It has been suggested that t-tubular loss reduces the effi-
ciency of cardiac excitation-contraction coupling (5). It
has also been suggested that mechanical deformation of
the t-system can contribute to fluid exchange between it
and the interstitial space (2,6). Such a pumping mechanism
would support transport of nutrients, metabolites, and ions
into the myocyte. Any t-system deformation may contribute
to mechanical modulation of ion channels. Mechanosensi-
tive ion channels found in the t-system include stretch-
activated transient receptor potential cation channels
(TRPC6) and stretch-modulated inward rectifier potassium
channels (Kir2.3) (7).
The aim of this study was to characterize the transfer of
strain at cellular level to the t-system. The study is based
on our previous work, which applied three-dimensional
scanning confocal microscopy on living isolated cardio-
myocytes to characterize geometrical features of the
t-system (2). We found that the rabbit t-system rarely
exhibits longitudinal tubules. We demonstrated flattening
of t-tubule cross sections and alignment of their short axis
with the long axis of myocytes. We suggested that the flat-tening is related to the myocytes being at a slack length
and is altered when they shorten or lengthen.
Using this experimental and analytical approach, we
studiedmechanical deformation of the t-system ofmyocytes.
Strain was applied statically by longitudinal stretching of the
myocytes. We hypothesized that 1), cellular strain is trans-
mitted to the t-system; and 2), mechanical deformation of
myocytes contributes to fluid transport between the t-system
cavities and extracellular space. We tested these hypotheses
by imaging and comparison of geometrical features of
t-tubules in quiescent myocytes at rest and during static
strain.
The protocol used for isolating rabbit myocytes is
described in the Supporting Material. The myocytes were
transferred to an imaging chamber, suffused with a mem-
brane-impermeable dextran conjugated to fluorescent dye
(Alexa 488; Invitrogen, Carlsbad, CA), and imaged using
a LSM 5 Duo confocal microscope (Carl Zeiss, Jena,
Germany). The setup for imaging and straining of
myocytes is shown in Fig. S1 in the Supporting Material.
Exemplary images obtained from a myocyte before and
during strain are shown in Fig. 1.
The image stacks were deconvolved and corrected for
background signals and depth-dependent attenuation (8).
Longitudinal spacing of t-tubules, D, was determined by
maxima in Fourier spectra of the three-dimensional images.
Strain was defined as DStrained/DUnstrained with DStrained and
FIGURE 1 Image of myocyte segment before (A) and during (B)
15% static strain. Extracellular space and t-system exhibit fluo-
rescent signal. Two corresponding t-tubules are marked in each
image (arrows). Longitudinal t-tubular spacing D was (A) 1.80
and (B) 2.06 mm. Scale bar: 10 mm.
FIGURE 2 Reconstruction and analysis of t-tubule from rabbit
myocyte. (A) Three-dimensional reconstruction of t-tubule at
rest with simple topology. (B) Cross-sectional area, (C) ellipticity
3, and (D) orientation a were determined along the length of the
t-tubule. An orientation a equal to zero denotes that the minor
axis of the t-tubule cross-section is parallel to the myocyte
long axis.
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respectively. Fractional volume of the t-system was calcu-
lated based on fluorescence ratios (9).
T-tubules were automatically segmented with the region-
growing method (10). Characterization of t-tubules by prin-
cipal component analysis was based on the image moments
of spherical regions (10). The centers of these regions were
regularly spaced (~0.2 mm) along the t-tubule longitudinal
axis. Centroids of these regions x were determined by
first-order image moments given by
x ¼ ð x1 x2 x3Þ0 ¼
X
i˛S
xi IðxiÞ =
X
i˛S
IðxiÞ;
with the three-dimensional image I and the set of voxel
indexes in the spherical region S. A matrix of second-order
central image moments M2 was set up as
M2 ¼
0
@
M200 M110 M101
M110 M020 M011
M101 M011 M002
1
A;
with the moments
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X
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
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xi;3  x3
r
IðxiÞ:
Eigenvalues, l1, l2, and l3, and eigenvectors, e1, e2, and
e3, ofM2 were calculated by singular value decomposition.
Several measures served for characterization of t-tubule
cross-sections: ellipticity and orientation. Ellipticity 3 of
tubules was defined as
3 ¼ 1
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
l3=l2
p
:
With this measure, a decrease of ellipticity corresponds to
more circular cross-sections. The orientation a of the minor
eigenvector e3, i.e., the minor axis of the t-tubule cross-
section, versus the myocyte long axism1, was calculated by
a ¼ arctanððe3  m1Þ=ðe3 ,m1ÞÞ:Biophysical Journal 100(10) L53–L55Only t-tubules of simple topology were used for further
analysis. Mouth and end regions of the t-tubules were
excluded from analysis to avoid problems with detection
of these regions and image blurring.
Analysis of a t-tubule (Fig. 2) revealed that it had a length
of 2.3 mm. The cross-sectional area shows a maximum at its
mouth and a constriction at 0.8 mm (Fig. 2 B). Ellipticity
ranged between 0.07 and 0.23, indicating a slight flattening
of the cross sections (Fig. 2 C). Orientation ranged between
1 and 32 (Fig. 2 D).
A statistical analysis of 28 cells from 14 animals is pre-
sented in Fig. 3 and Table 1. T-tubules (n ¼1048) and their
cross sections (n ¼ 10,328) were grouped according to the
strain of cells, i.e., control (before strain), 5% strain (2.5–
7.5%), and 15% strain (12.5–17.5%). At 15% strain, mean
t-tubule length and volume decreased by 10.3% and
12.7%, respectively. The fractional volume of the t-system
decreased by 16.5%. The mean orientation angle of the
minor eigenvector increased with increasing strain.
Our study demonstrates that cellular strain alters the
shape and volume of the t-system in myocytes. The mea-
sured decrease of volume is associated with a decrease of
t-tubule length. This finding contrasts with results from
a previous study on the t-system from toad skeletal muscle
TABLE 1 Statistical analysis of t-tubules presented as
mean5 standard deviation
Feature Controls 5% 15%
Length [mm] 2.125 0.84 2.075 0.84 1.905 0.75*
Volume [mm3] 0.165 0.12 0.175 0.12 0.145 0.11*
Fractional volume [%] 4.825 1.33 4.415 1.00 4.015 0.87*
Ellipticity 3 0.205 0.11 0.205 0.11 0.195 0.10*
Orientation jaj [] 28.75 27.4 34.25 28.6* 38.75 30.0*
*p < 0.05 versus control.
FIGURE 3 Statistical analysis. Histograms of (A) t-tubule length, (B) volume, and (C) orientation of cross sections are presented for
control cells and cells at 5% and 15% strain. Strain was associated with an increase of short t-tubules and small volume. Cross
sections of t-tubules of strained cells tended toward having minor axes perpendicular to the myocyte long axis.
Biophysical Letters L55fibers. Based on intensity analysis of two-dimensional
confocal micrographs, it has been observed that sarcomere
length, which varied in the range from 1.93 to 3.30 mm,
did not affect the steady-state fractional volume (11).
Our data suggest that geometrical changes of the t-system
begin at small cellular strains (5%). Geometrical changes of
t-tubules are associated with changes of the stress distribu-
tion on the sarcolemma, which has been suggested as
a mechanism for gating of stretch-activated ion channels
(7). Further implications of our finding are related to
a possible mechanism for pumping fluid into and out of
the t-system. Our data on volume changes indicate that
high strain (15%) along the cell long axis causes flux of fluid
out of the t-system into the interstitial space.
Limitations of our imaging approach are discussed in our
previous publication (2) and the Supporting Material. This
study focused on the rabbit t-system. Comparative studies
are needed in other species to generalize our findings.SUPPORTING MATERIAL
Three figures and additional materials and methods are available at http://
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